Pitch Picking
Like many virtuosos, Franz Liszt had what is known as ''perfect pitch'': he could name and recreate a note's pitch without a reference note. This ability is quite remarkable given that each note is composed of many vibrational frequencies that vary depending on which instrument is played. A few years ago, a landmark study by Bendor and Wang (2005) identified a population of neurons that specifically respond to a note's ''pitch,'' offering insights into how humans recognize musical notes across octaves and various instruments.
When a piano strikes the note ''A,'' the metal string generates a series of ''harmonic'' sound waves at 440 Hz, 880 Hz, 1320 Hz, 1760 . But a listener perceives the pitch based on the lowest frequency present, 440 Hz. Remarkably, even when this ''fundamental'' frequency is missing, the cortex reconstructs the note from the other frequencies, and the listener still perceives the pitch as an ''A'' at 440 Hz.
Searching for neurons with a similar property, Bendor and Wang recorded action potentials in the auditory cortex of marmoset monkeys. When they probed the border of the low-frequency region, they hit the jackpot. Fifty-one of the 131 neurons tested in this region met the criteria for pitch selectivity; that is, they responded similarly to two sounds that don't share any frequencies but are derived from the same fundamental frequency. For instance, one neuron responded to a sound at 200 Hz and to the combination of three sounds at 800, 1000, and 1200 Hz. This pitch-selective property is surprising because auditory neurons typically respond to only a narrow range of frequencies.
How could an abstract property, like ''pitch,'' be encoded in a single neuron? In a technical triumph, Chen et al. (2011) A harmonic series of waves generated when a note is played on the piano (top); individual spines of neurons are tuned to different frequencies of sound (bottom). Image courtesy of J. Lou, A. Konnerth, and X. Chen. a high-speed two-photon microscopy method that can record synaptic calcium signals in individual dendritic spines of mouse auditory neurons. Approximately 45% of the spines respond to frequencies within one octave, but more surprisingly, spines close to each other on the same dendrite are tuned to different frequencies. Optimal activation of the whole neuron induces synaptic calcium signals in 2 times as many spines as suboptimal frequencies, suggesting a mechanism for building pitch-selective neurons-simply tune individual spines to harmonically related frequencies of sound. Bendor, D., and Wang, X. (2005) . Nature 436, 1161 -1165 . Chen, X., et al. (2011 . Nature 475, [501] [502] [503] [504] [505] O Please Gentlemen, A Little Bluer! In addition to ''perfect pitch,'' Liszt was also thought to have synesthesia, a neurological condition in which the stimulation of one sensory module in the brain triggers activity in a second, unstimulated module. For Liszt, this meant ''seeing'' musical notes and chords as colors. Synesthesia is thought to arise from cross-activation between adjacent regions of the brain, but how this promiscuous crosstalk occurs is essentially a black box. Last year, Neely et al. (2010) stumbled upon one of the first molecular insights into synesthesia while searching for new ''pain genes.'' Neely and colleagues began by developing a high-throughput assay to measure pain perception in fruit flies, based on flies' natural avoidance of hot surfaces. They then applied this assay to a Drosophila mutant library in which each gene is knocked down in neural tissues. One of the 580 genes identified in the screen was straightjacket, which encodes a subunit of a voltage-gated Ca 2+ channel. The mammalian version of straightjacket-a2d3-is a close homolog of the molecular target for two analgesics used to treat neuropathic pain, and removing a2d3 in mice reduced the animals' response to thermal and inflammation-induced heat. The authors also found that variations in a2d3 are associated with decreased heat sensitivity and chronic pain levels in humans, confirming that a2d3 is a ''pain gene'' conserved from flies to humans.
More suprisingly, however, is how loss of a2d3 alters pain perception. Noxious heat normally activates a set of brain regions, called the pain matrix. Neely and colleagues found that activation of these regions is reduced in the mutant mice, but instead, the noxious heat enhances activity in the visual cortex, auditory cortex, and olfactory regions. In other words, disrupting a2d3 caused an unusual form of synesthesia, in which pain is ''seen, heard, and smelled.'' The a2d3 genes are known to regulate synapse development. Thus, Neely and colleagues speculate that loss of a2d3 may subtly alter synaptic circuits that link the thalamus to higher-order pain centers. Neely, G.G., et al. (2010) . Cell 143, [628] [629] [630] [631] [632] [633] [634] [635] [636] [637] [638] 
Lisztomania in the Striatum
Although Liszt was one of the most famous celebrities of his time, he was also a generous philanthropist who donated graciously to musical organizations and charities. Liszt is even thought to be one of the first to experiment with music as therapy for mental illness. Now, nearly 150 years later, Salimpoor et al. (2011) demonstrate that, indeed, emotionally charged music releases dopamine in the pleasure and award centers of the brain, as do sex, drugs, and food.
Previous neuroimaging studies found that music activates reward circuits in the brain, but dopamine activity had never been examined directly. Furthermore, music in these prior studies was selected by the experimenter. Salimpoor and colleagues allow participants to select their own music, and they also focus only on people who consistently display ''the chills'' during the climax of the piece. To measure dopamine activity in the participants, the authors use PET scanning in combination with 11 C-raclopride, which competes with dopamine for the D2 dopamine receptor. Compared with ''neutral'' music, the chill-evoking music triggers dopamine release in the striatum of the subjects, with the largest changes occurring in the right nucleus accumbens, a region associated with the euphoria elicited by cocaine. Salimpoor and colleagues then combine these PET scanning results with fMRI data to follow the temporal dynamics of the dopamine release. Although the emotional climax of a song is associated with dopamine in the nucleus accumbens, the anticipation of this moment generates more activity in the caudate of the striatum, a region implicated in reward prediction. These findings provide the first demonstration that an abstract ''reward'' like music can trigger dopamine release, but they also offer a possible explanation for the intense fan frenzy and ''Lisztomania'' garnered by Liszt during his performances and touring. Salimpoor, V.N., et al. (2011). Nat. Neurosci. 14, 257-262 .
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While listening to intensely pleasurable music, dopamine binds in the phylogenetically ancient mesolimbic reward centers of the brain. Image courtesy of V.N. Salimpoor.
Franz Liszt seemed to see colors where there were only tones. Photo of keys by Taltabjieff, copyrighted under the Creative Commons License; photo of Liszt is by F. Hanfstaengl and in the public domain (PD-19233) .
